Regulatory RNAs play essential roles in many essential biological processes, ranging from gene regulation to protein synthesis. This work presents a web-based tool, RNALogo, to create a new graphical representation of the patterns in a multiple RNA sequence alignment with a consensus structure. The RNALogo graph can indicate significant features within an RNA sequence alignment and its consensus RNA secondary structure. RNALogo extends Sequence logos, and specifically incorporates RNA secondary structures and mutual information of base-paired regions into the graphical representation. Each RNALogo graph is composed of stacks of letters, with one stack for each position in the consensus RNA secondary structure. RNALogo provides a convenient and high configurable logo generator. An RNALogo graph is generated for each RNA family in Rfam, and these generated logos are accumulated into a gallery of RNALogo. Users can search or browse RNALogo graphs in this gallery to receive additional perspectives of known RNA families. RNALogo is now available at: http://rnalogo. mbc.nctu.edu.tw/.
INTRODUCTION
Regulatory RNA molecules, including iron responsive elements (IRE), riboswitches and microRNAs precursors, play significant roles in many essential biological processes, ranging from gene transcriptional regulation, posttranscriptional regulation to protein synthesis. Sequence logo (1) is a promising tool for graphically representing sequence patterns from a multiple alignment of DNA, RNA and protein sequences. The logos comprise stacks of letters, one stack for each position in the sequence. The overall height of the stack at each position reflects the information contents determined according to Shannon information (2) , which is given by R seq ¼ log 2 N À ðÀ P N n¼1 p n log 2 p n Þ. Here, p n indicates the observed frequency of the symbol n at a specific sequence position, and N represents the number of distinct symbols for the given sequence type, either four for DNA and RNA or 20 for protein (3) . R seq denotes the difference between the maximum possible entropy and that of the observed symbol distribution. WebLogo (3), which is an extended development of Sequence logo, provides a convenient and highly configurable program for generating sequence logos.
The structure logo program (4) includes prior frequencies on the bases, accommodates gaps in the alignments, and points out the mutual information of base-paired regions in RNA according to Sequence logo representation. CorreLogo combines information contents of nucleotides and mutual information of two different positions into 3D representation to determine correlations between bases and potential RNA base pairs (5) . enoLOGOS generates sequence logos, which include energy measurements, probabilities matrices and alignment matrices, to represent the mutual information of different positions of the consensus sequence (6) .
RNALogo is a web-based tool to create a new graphical representation of the patterns in a multiple RNA sequence alignment with a consensus structure. RNALogo provides a convenient and highly configurable logo generator. This work creates RNALogo graph for each RNA family in Rfam, and collects these generated logos into an RNALogo gallery. Users can search or browse RNALogo graphs in this gallery to receive further perspectives of known noncoding RNA families.
METHODS

Generation of RNALogo graph
The visualizing representation of RNALogo incorporates the representation of the standard Sequence logos, as well as the RNA secondary structures and the mutual information of base-paired regions. Each RNALogo graph is composed of stacks of letters, one stack for each position in the consensus RNA secondary structure of an RNA alignment. The RNALogo graph can indicate significant features within an RNA sequence alignment and its consensus RNA secondary structure. As demonstrated in Figure 1 , users can intuitively observe various significant features, such as the sequence conservation, the mutual information of base-paired regions, the consensus RNA secondary structure and the structural conservation of a RNA family, by the representation of RNALogo graph. structures, and (iii) unaligned RNA sequences. First, to input aligned RNA sequences with a consensus structure, the RNA sequence alignment with a consensus structure can be directly processed to generate an RNALogo graph. Secondly, to input aligned RNA sequences without any consensus structures, the proposed tool incorporates RNAalifold, which is a program in Vienna RNA Package (7) for predicting a consensus secondary structure of a set of aligned sequences, to generate a consensus RNA secondary structure from the input alignment, and then generate a RNALogo graph from the aligned RNA sequences and the corresponding consensus structure. Finally, for unaligned RNA sequences, the web server employs ClustalW (8) to align the input sequences, then utilizes these sequences to predict its consensus structure and generate its RNALogo graph.
The shape of the consensus structure of the input RNA sequences is sketched using RNAplot, which is an RNA secondary structure drawing program in Vienna RNA Package (7) . Other information, such as information contents and the mutual information, are drawn on the RNA secondary structure based on their corresponding positions. The RNALogo includes the structure logo program (4) to obtain the information content for each position and the mutual information of base-paired regions of a structural RNA alignment. The mutual information is a convenient measurement of the dependence between two different positions of RNA secondary structure (9) . Additionally, RNALogo supports the option of annotating pseudo-knots on the RNALogo graph simply by specifying the location of the interaction regions of the consensus structure.
The default colors for nucleotide symbols in an RNALogo graph are A, U, C and G are green, red, blue and orange, respectively, as shown in Figure 1 . Users can select a variety of coloring schemes. The red, black and dotted lines between base pairs in helical regions denote the perfectly conserved, highly conserved and lowconserved base pairs, respectively, and the thickness of lines between base pairs denotes the base-paired ratio between the two corresponding positions. The stack of nucleotides marked by a yellow filled circle indicates that the nucleotide is perfectly conserved in all RNA sequences, as in the example displayed in Figure 1 . The mutual information of base-paired regions is represented by the blue filled circle, and a larger circle represents stronger mutual information of the base pair.
The RNALogo graph can be generated in a variety of common image formats, namely JPG, PNG, TIF and PDF, all of which are appropriate for display, printing and editing. Another format, Scalable Vector Graphics (SVG), which is a language for describing two-dimensional graphical application in Extensible Markup Language (XML), is also supported for online editing of RNALogo graphs. Furthermore, RNALogo provides various flexible options for customizing logos, including image size, image title, line width, the font size of nucleotide symbols and the font type of nucleotide symbols. That is the RNALogo graph, the standard sequence logos of the input RNA sequence alignment are also provided. These options are described in detail in the documentation at the RNALogo web server.
Gallery of RNALogo
Rfam is a large collection of multiple sequence alignments and covariance models covering many common noncoding RNA families (10) . To improve the representation of these noncoding RNA families, an RNALogo graph was created for each RNA family in Rfam, and these logos were accumulated into an RNALogo gallery. Around 600 noncoding RNA families were obtained from the Rfam database, and categorized into several classes according to their functions, as listed in Figure S1 (Supplementary Data). Tables S1 and S2 present the data statistics of the RNA families (Supplementary Data). Users can search or browse the gallery using Rfam accessions to retrieve the RNALogo graphs of known noncoding RNA families for further investigation.
CASE STUDIES
Several examples of regulatory RNAs were chosen from the RNALogo gallery to demonstrate the capabilities of the RNALogo graph representation.
Case I: IRE
The IRE is a short conserved stem-loop structure in untranslated regions (UTRs) of various mRNA, and can negatively regulate the translation of gene whose products are involved in iron metabolism by binding with iron response protein (IRP). Previous studies suggest the basepaired regions have no sequence-specific requirement (11) , and that the mutation in the loop regions reduces binding affinity of IRE for IRPs (12) . The RNALogo graph (Figure 3a ) of the Rfam IRE family (Rfam accession RF00037) clearly demonstrates that the bases in the loop region are highly conserved, whereas those in the helical region are poorly conserved.
Case II: purine riboswitch
Riboswitches, which are found in the 5 0 -UTR of mRNAs, act as cis-acting genetic regulatory elements composed of a metabolite-responsive aptamer domain in a specific RNA secondary structure (13) . The RNALogo graph (Figure 3b ) of Rfam purine riboswitch family (Rfam accession RF00167) indicates that the sequences in multibranch loop region and hairpin loop regions are more conserved than those in other regions. This observation is supported by previous studies, which have indicated that the multibranch loop region is the aptamer domain, which is the high-affinity ligand binding regions, and is sensitive to single-point mutations (14) . Moreover, the two terminal loops are predicted to form a pseudo-knot, which is an important structure for purine riboswitch (15) . The RNALogo graph of the purine riboswitch exhibits this phenomenon via pseudo-knot annotation, which is denoted by the purple lines at positions 41-42 and 66-67. Case IV: transfer RNA The transfer RNA (tRNA) family is a good example for illustrating the compensatory mutation to retain the RNA secondary structure. The RNALogo graph (Figure 3d ) of the Rfam tRNA family (Rfam accession RF00005) indicates low conservation in the tRNA sequences, but high conservation in the tRNA structures. As demonstrated in Figure S2 , RNALogo, enoLOGOS and CorreLogo represent the mutual information of basepaired regions in different ways. The RNALogo graph directly displays the mutual information on RNA secondary structure, making it more intuitive and simpler than either enoLOGOS or CorreLogo.
In general, the nucleotides of the functional sites of regulatory RNA molecules are more conserved than other nonfunctional regions. For example, the bases of loop regions within the structure of IRE (11) and purine riboswitch (14) are more conserved than those of helical regions, whereas the bases of helical regions within the structure of microRNA precursors are more conserved than the bases of loop regions (16) . These cases indicate that IRE, purine riboswitch, microRNA miR-219 precursor and tRNA have different significant features, which can be intuitively observed in the RNALogo graph.
AVAILABILITY
The web server of RNAlogo will be continuously maintained and updated. The web server is now freely available at: http://rnalogo.mbc.nctu.edu.tw/.
DISCUSSION
The representation of RNALogo graph and the RNALogo program as compared with other previously developed tools, namely Sequence logo (1), Structure logo (4), enoLOGOs (6) and CorreLogo (5), are shown in Table 1 . RNALogo graph is the only representation that can intuitively display the information content of each base and the mutual information of base pairs within the RNA secondary structures. In particular, RNALogo supports the pseudo-knot annotation, various input formats and the input of unaligned sequences for the generation of RNALogo graph.
SUMMARY
This work presents a novel graphical representation of the patterns in an aligned RNA sequence with a consensus structure. Several significant features, including sequence conservation, structural conservation and the mutual information of base-paired regions, can be revealed within an RNA sequence alignment and its consensus RNA secondary structure. A web-based tool, RNALogo, is also developed to provide a rapid, effective and highly configurable logo generator. A gallery of RNALogo for Rfam RNA families is also built. Users can browse RNALogo graphs in this gallery to obtain further perspectives of known RNA families. Finally, several examples of regulatory RNAs, namely IRE, Riboswitches, miR-219 precursors and tRNA, are employed to reveal demonstrate the capabilities of the RNALogo graph representation. 
